Abstract Biomass conversion and expansion factors (BCEF) which convert tree stem volume to whole tree biomass and biomass allocation patterns in young trees were studied in order to estimate tree and stand biomass in naturally regenerated forests. European beech (Fagus sylvatica L.), Sessile oak (Quercus petraea (Mattuschka) Liebl.) and Scots pine (Pinus sylvestris L.) stands were compared. Seven forest stands of each species were chosen to cover their natural distribution in Slovakia. Speciesspecific BCEF are presented, generally showing a steep decrease in all species in the smallest trees, with the only exception in the case of branch BCEF in beech which grows with increasing tree size. The values of BCEF for all tree compartments stabilise in all species once trees reach about 60-70-mm diameter at base. As they grow larger, all species increase their allocation to stem and branches, while decreasing the relative growth of roots and foliage. There are, however, clear differences between species and also between broadleaves and conifers in biomass allocation. This research shows that species-specific coefficients must be used if we are to reduce uncertainties in estimates of carbon stock changes by afforestation and reforestation activities.
Introduction
In 1997, the United Nations Framework Convention on Climatic Change (UNFCCC) entered into force stating its objective ''to achieve stabilization of greenhouse gas concentrations in the atmosphere at a low enough level to prevent dangerous anthropogenic interference with the climate system''. As early as the mid-1990s, Dixon (1994) predicted that carbon sequestration in forests could play a principal role as one of a number of complex measures mitigating climatic change. White et al. (2000) reported that about half of the global carbon sink is located in terrestrial ecosystems and a significant part of this sink occurs within forests in the northern hemisphere. It is generally accepted that European forests are important carbon sinks on a worldwide scale (Janssens 2003) and are currently accumulating biomass, further underlining their importance for carbon sequestration in the near future (Karjalainen et al. 2003) . The Kyoto protocol, ratified by all European countries, requires annual reporting of greenhouse gas inventories for the land use, land-use change and forestry sector of each signatory country. Several methods are used for compiling such inventories, with reports of C stock changes in European forests mostly or exclusively based on existing forest inventories (IPCC 2003) . In their review of current forest C inventory methods, Lindner and Karjalainen (2007) point out that one of the most suitable methods is the expansion of merchantable stem volume to whole Communicated by A. Franco.
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The online version of this article (doi:10.1007/s00468-010-0504-z) contains supplementary material, which is available to authorized users. tree volume, followed by a conversion to biomass or C content of trees. Commonly termed biomass factors (BF, e.g. Somogyi et al. (2007) , such as empirically derived indices, have been implemented by a variety of authors not only to estimate forest biomass and C stocks (e.g. Cienciala et al. 2008b; Lehtonen 2005; Van Camp et al. 2004 ), but also to compile UNFCCC inventories. An advantage of this approach is its close link with standard forest inventories, as these contain reasonably accurate data on merchantable wood volume and other stand parameters.
BF, in their simplest form as biomass expansion factors (BEF), are used to 'expand' available tree stem biomass data to estimate the biomass of whole trees. However, Tobin and Nieuwenhuis (2007) pointed out that perhaps the best way of using BF is an integration of biomass expansion and conversion components into one factor. Such biomass conversion and expansion factors (BCEF) then convert the most widely available data on stem volume directly to whole tree or compartment biomass (Schroeder et al. 1997 ) and eventually into C content. Ideally, such factors should be species specific and reflect stand age and site conditions, as all these aspects influence biomass allocation in trees (Levy et al. 2004 ). In reality, such specific BCEF are not available for many tree species, resulting in the use of so-called 'default' values, which usually represent an average of available observations (IPCC 2006) . Recent afforestation programmes and landuse change in Europe and North America resulted in an increased coverage of forests in early stages of development (Peichl and Arain 2007) . Since age significantly affects biomass allocation in younger trees (Levy et al. 2004; Pajtík et al. 2008) , we urgently need to develop ageand species-specific BCEF if we are to reliably estimate and report forest biomass and C stock changes.
To date, the construction of forest tree BF in Europe has primarily centred on Norway spruce (Picea abies L. Karst.) and Scots pine (Pinus sylvestris L.), see for instance Lehtonen et al. (2004 Lehtonen et al. ( , 2007 and Neumann and Jandl (2005) . Work related to other tree species such as European beech (Fagus sylvatica L.) or oaks (Quercus sp.) is rather sparse (Cienciala et al. 2008a; Van Camp et al. 2004; Vande Walle et al. 2005) . The common feature of available estimates of BF is their focus on mature trees and subsequent lack of data specific to small (young) trees. Wirth et al. (2004) pointed out the necessity to establish BF for small trees, as those derived from larger (older) trees are not generally applicable due to different patterns of biomass allocation. Lehtonen et al. (2004) showed that the proportion of tree biomass components is strongly related to age (or size), reflecting different establishment and early growth strategies of different tree species. Similarly, Teobaldelli et al. (2009) reaffirm the necessity to use stand information (e.g. stand fertility) when age-dependent BEF are used to expand stem biomass collected at stand level to total stand biomass. In addition, Pajtík et al. (2008) stress the growing importance of biomass models for small trees, mainly due to a sharp increase in the area covered by evenaged forest stands during the last decade as a consequence of afforestation and salvage cuttings. Further, a recent shift in the policy preference from single-aged monocultures to mixed-age forest can be documented in several European countries.
In order to fill these gaps in existing biomass estimates, the main objective of this study is to establish size-and age-dependent BCEF for all compartments of trees (roots, stem, branches, foliages) in European beech (F. sylvatica L.), Sessile oak (Quercus petraea (Mattuschka) Liebl.) and in Scots pine (P. sylvestris L.) in the first age class (up to 10 years). We compare the resulting BCEF, biomass allocation patterns among selected tree species in Slovakia and evaluate the accuracy of biomass estimation at the stand level.
Materials and methods

Site and stand characteristics
Our measurements of European beech, Sessile oak and Scots pine were focused on naturally regenerated stands in Central Slovakia. The exceptions were four Scots pine stands (Plot 1 and Plot 2 located in the Záhorie lowland, South-Western Slovakia, and Plot 6 and Plot 7 in the Spiš region, Eastern Slovakia) due to the wide natural distribution of this species. We purposefully excluded the most extreme locations of the species' occurrence (for instance, Scots pine present at very high latitudes in the Tatra Mountains) to ensure the widest possible applicability of our BCEF models. As an indication, such sites at the present contribute less than 1.5% of total standing stock in Slovakia. Thus, the selected forest stands represented areas with typical natural occurrence of the three species studied. Each species was represented by seven stands, all originating from a natural regeneration (Supplementary Tables  S1-S3 ). All selected stands were in the first age class, except one oak stand (12-year-old, Table 1 ) and the proportion of the target tree species (beech, oak or pine) was 90-100% of stocking density.
Tree measurements
A representative area of 0.04 ha was selected in each stand, within which five circular sampling plots with a radius between 1.0 and 2.5 m depending on tree density were fixed. All trees located inside these smaller circles were measured for height and diameter at stem base (DAB; measured at ground level). These values were used to express mean stand height, DAB and the number of trees per ha. Additionally, in each sampled stand, we destructively sampled aboveground (stem, branches, leaves) and belowground (coarse roots) components of trees representative of the height and diameter distribution at the site. To ensure a good coverage of the size distribution, we established ten even height classes specific to each stand and then randomly selected and destructively sampled two or three individuals from each height class. In total, 20-25 trees were samples in each stand. The trees were sampled at the end of the growing season when growth of all compartments had ceased. All coarse roots thicker than 2 mm belonging to a sampled tree were excavated by hand by following them from the stump until they reached the cut-off diameter. Prior to excavation of belowground structures, DAB (twice for each sample tree, in two perpendicular directions) and stem height of each destructively sampled tree were measured in situ. We intentionally selected trees growing in a competitive environment typical for these stands, excluding competition-free trees and also suppressed individuals showing no discernible height increment.
All excavated trees were transported to a laboratory where they were partitioned into roots (including belowground part of stump separated at ground level), stem, branches and foliage. Stems were divided into three or four sections, depending on their length. The volume of each section was calculated using the diameter at each end and at the midpoint. The total volume of stem was then calculated as the sum of volumes of all sections. As the stem volume calculation included bark since we did not separate it from the stems, all coefficients and factors reported in this paper should therefore be considered as 'over-bark'. Each sample tree was left in a dry and well-ventilated laboratory at room temperature for circa 1 month. All compartments were then dried at 105°C until constant mass and then weighed.
Stem volume
We were able to establish the stem volume of small trees with a reasonable degree of accuracy by destructively dividing the stems into sections and calculating their volume. The obtained values were then validated by a pycnometer and the difference between the calculated and measured volume was between -2 and ?5%. However, as this is not always convenient or possible in forestry practise, stem volume is usually estimated on the basis of one or two easily measured tree parameters. There are many equations for expressing stem volume in adult stands, the independent variables of which are usually DBH (Diameter at Breast Height) and tree height. Since these formulas are not applicable in young stands (DBH is unmeasurable or close to zero), tree volume was estimated using the following equations:
where V is the stem volume, DAB the diameter at base, h the tree height, and b 0 , b 1 are the coefficients.
Construction of BCEF models BCEF offer a fairly straightforward way to convert stem volume directly to dry mass of each tree compartment (Schroeder et al. 1997) . In its simplest form, the conversion formula can be described as follows:
where W i is dry biomass of a tree compartment i (roots, stem, branches, foliage, aboveground tree biomass or total tree biomass) and V is stem volume. Thus, the value of BCEF indicates the mass of each tree component per unit stem volume and is commonly expressed in Mg m -3 . When applied to known merchantable wood volumes, this type of BCEF combines a conversion to dry mass with an expansion to include tree compartments other than the stem.
Based on this definition, the following equation for the calculation of BCEF can be specified:
where Y is the dependent variable, X 1 -X n are independent variables, a 0 -b n are model coefficients and h represents the multiplicative error term. In our case, the following logarithmic transformation of Eq. 5 was used to estimate the coefficients:
where b 0 = ln a 0 , and e = ln h is additive error. The use of this linearised form (6) implies a re-transformation, so that non-transformed values of compartment biomass are available as an output. Hence, the following re-transformation was implemented:
together with a correction factor (after Marklund (1987) :
We then fitted the following three equations into the stem volume and biomass observations obtained in the field:
BCEF ¼ e ðb 0 þb 1 ln hÞ k ð10Þ
where BCEF is individual tree biomass conversion and expansion factor, DAB the diameter at base, h the tree height, and b 0 , b 1 are the coefficients. Since we had information about the number of trees per hectare and the size distribution in each of our experimental stands, we could compare the estimate of stand biomass calculated by the following two methods. First, we calculated individual tree biomass for all diameter classes in a stand, multiplied these by number of trees in each class and then summed them up to obtain stand biomass per unit area. Second, in each stand, we estimated the size of average tree by calculating quadratic mean of DAB, used this value to calculate average tree biomass and then multiplied this by the number of trees to obtain stand biomass.
Taking into account that stem volume over-bark was used to estimate BCEF, all coefficients and factors reported in this paper should therefore be considered as BCEF 'over-bark'. All estimations and model fitting were carried out using the least squares method in Statistica 7.0 (StatSoft, Oklahoma, USA). For illustration and comparison, Norway spruce (P. abies Karst.) data from Pajtík et al. (2008) are included in the text and in Figs. 1, 2, 3, 4, 5 and 6. These were obtained using similar field sampling and calculation methods and are therefore directly comparable.
Results
Stem volume calculation
Model coefficients and goodness of fit indicators of the three models (Eqs. 1-3) considered in this work are detailed in Table 2 . In the case of beech, oak and pine in Central European conditions, it appears that DAB is a better predictor of stem volume (R 2 = 0.953 on average across species) than height (R 2 = 0.852). Even though height is usually easier to measure than DAB, there is a disadvantage in using it in terms of volume prediction accuracy. Using both DAB and height improves the model fit slightly when compared to DAB alone (R 2 = 0.981) and should therefore be the preferred method of stem volume calculation if both stem parameters are available and if accuracy is to be maximised.
BCEF
Similar to stem volume, the calculation of BCEF in young trees is only marginally improved if the calculation is based on both independent variables, rather than either DAB or height (supplementary Tables S4-S6 ). It should be noted, however, that some of the coefficients of determination (R 2 ) are very small, especially for stem biomass (Table 3 ). The reason for this is that the stem BCEF essentially describes the volume density of tree biomass (expressed in g cm -3 or Mg m -3 ). In fact, as is almost the case in mature trees, the values of this factor should be independent of DAB or height and the R 2 for all model fits should equal 0. However, as can be seen from Fig. 1 , the biomass density and hence the BCEF do change dramatically in the smallest trees, making the values of BCEF size (or age) dependent to a large extent. While BCEF in adult stands are relatively constant, which is advantageous for straightforward calculations of dry matter in their compartments, the BCEF in very young stands change with tree size. In this case, the important indicator of model fit is the sum of squares (MSE). A large sum indicates a random spread of BCEF values, while a small value confirms neat grouping of BCEF around the model curve.
BCEF curves for stem, branch, foliage, root, aboveground and whole tree biomass in beech, oak and pine, as well as spruce (Pajtík et al. 2008) , are shown in Fig. 1 . Clear differences between the tree species can be seen, especially for the smallest trees. All BCEF trends tend to stabilise once the trees reach about 30-40 mm in DAB, with only very small changes observed beyond this point, whereas trees from 0 to 30-mm DAB display a rapid decrease in the values of BCEF with increasing tree size. This is true for all tree species and biomass compartments with the exception of beech branches, the density of which increases with increasing tree size. Overall, the BCEF for aboveground biomass decreased with increasing DAB from 1.27 to 0.97, 2.33 to 0.80 and 2.28 to 0.67 Mg m -3 in beech, oak and pine, respectively. The same tendency was observed in whole tree BCEF, with a decrease from 2.24 to 1.16, 4.07 to 0.94, 2.64 to 0.74 Mg m -3 in beech, oak and pine, respectively. An interesting distinction is illustrated by Fig. 1c , which depicts BCEF for stem biomass. Due to the nature of the calculation, this factor directly represents stem wood density. As can be seen from the figure, the BCEF in broadleaved trees (oak and beech) do decrease only slightly with increasing tree size. Those of conifer trees (pine and spruce), on the other hand, decrease sharply in the initial Fig. 4 Total stand biomass in beech, oak, pine and spruce, as dependent on mean stand height (a) or basal area (b). Basal area was calculated from diameter at base measurements. Broadleaves shown in solid, conifers in broken lines. * Pajtík et al. (2008) stages, indicating a steep drop in the conifer stem wood density as young trees grow older.
Tree biomass and its allocation
For a given DAB, both the aboveground and the whole tree biomass were largest in oak and smallest in pine (Fig. 2) .
For instance, while the aboveground and the whole tree biomass in oak at 35-mm DAB was 971 and 1,304 g, respectively, the values in pine were only 753 and 853 g (Table 4; Supplementary Tables S7-S9 ). The absolute differences in the single tree biomass between the tree species increased throughout observed tree size distribution and did not show any convergence. If we compare the biomass data of investigated tree species, plus that of Norway spruce (Pajtík et al. 2008) , the total tree biomass at 70-mm DAB decreases in the following order: beech, oak, spruce and pine. Such differences in whole tree biomass relate to stem shape (different stem volume at the same DAB) and wood density (especially softwoods vs. hardwoods). Figure 3 shows that biomass allocation patterns in beech, oak and pine are dependent on tree size. In general, as the trees grow larger the relative contribution of the stem to the total tree biomass increases, while the proportion of the other biomass compartments decreases. Similar to BCEF, the change in allocation to different compartments is the fastest in very small trees, the allocation pattern tends to stabilise in larger trees in all species. The only exception is root allocation in pine, which slowly decreases with increasing tree size, but the rate of decrease appears diameter independent. Forest stand biomass can be estimated if individual tree biomass and tree numbers are known. Since we directly measured tree biomass across the tree size spectrum at each site and we could estimate average stand density from our experimental plots, we calculated stand biomass at each experimental site (Fig. 4) . Unsurprisingly, the best predictor of stand biomass is basal area (R 2 = 0.63 on average across species), with mean height (R 2 = 0.39), DAB (R 2 = 0.12) and stand age (R 2 = 0.32) much weaker predictors (data for DAB and age not shown). Usually, stand biomass per unit area would be estimated by establishing the mean tree size and stand density. By comparing the estimates of stand biomass calculated from actual tree biomass and size distribution and on the basis of an average tree in each sample stand, we can examine the accuracy of this widely used method. As can be seen from Fig. 5 , the under-or overestimation of stand biomass by the average tree method is strongly species specific. Alongside the observed skewness of tree size distribution in each stand, this error is also related to the relationship between tree size (DAB or height) and stem volume. Both size distribution and stem shape are species specific, giving rise to the observed variability in stand biomass estimates.
To illustrate the importance of including belowground biomass into individual tree BCEF calculation, we compared our age-dependent BEF (expanding stem biomass to aboveground or whole tree biomass) with those of Teobaldelli et al. (2009) . Figure 6 shows that whole tree biomass in broadleaves is severely underestimated when belowground biomass is not considered. The good fit between observed and fitted aboveground BEF (Fig. 6a) shows that calculating BEF curves over a wider age-span is adequate to obtain reliable biomass estimates in young broadleaved trees. Conifer BEF, however, do not exhibit this behaviour; the underestimation of total tree biomass when using only aboveground BEF is not as pronounced as in broadleaves (Fig. 6d) . Moreover, our BEF calculated specifically for small trees show gentler initial decline than those of Teobaldelli et al. (2009) .
Discussion
Biomass conversion and expansion factors
The primary goal of this work was to construct and to compare individual BCEF curves and biomass allocation in young beech, oak and pine trees. We chose these species because, together with Norway spruce, they represent the bulk of forest biomass and timber output in Central Europe (EEA 2006) . The majority of published literature on BCEF of forest trees does not take into account the rapid decrease of BCEF in small trees and relates only to stands older than 15 or 20 years. This is a drawback when trying to perform accurate national inventories of forest biomass or carbon stocks (IPCC 2003) . Further, the values of available BCEF are not only age-dependent, but most likely also influenced by site and climatic conditions (Levy et al. 2004; Teobaldelli et al. 2009 ). To account for such variation and to give our BCEF the widest possible applicability, we selected only naturally regenerated stands of each species growing at several different altitudes, sacrificing greater accuracy attainable by also considering site fertility. We contend that the BCEF presented in this work offer a reasonable trade-off between having a large collection of siteand age-specific coefficients (Van Camp et al. 2004 ) and using a single 'default' value for all forests. Due to the lack of published observations, the validity of our results can only be assessed in comparison with studies carried out in slightly or much older beech, oak and pine stands. -3 in foliage, branches, stems, and roots, or with a whole tree BCEF of 0.78 Mg m -3 in pines of around 10 years of age. These comparisons indicate that, once past the initial stages of growth, the proportional allocation to various compartments in studied tree species stabilises and a single value of BCEF is applicable. In younger stands, however, the individual BCEF decrease rapidly ( Fig. 1f ) and an age-or size-specific BCEF is required for better accuracy of biomass estimation. As already mentioned, the value of size-or age-dependent BCEF for particular tree species is affected not only by the age, but also by site conditions and by forest management. For instance, Lehtonen et al. (2004) showed that BCEF in Finland are affected by stand density, which can vary mainly due to varying forest management intensity. In a later study, Lehtonen (2005) also showed that different BCEF models are applicable between northern and southern Sweden, a difference which can be explained by contrasting soil and climate conditions. When considering site index as an aggregate indicator of site conditions, Teobaldelli et al. (2009) found higher age-dependent BEF in stands growing on less productive sites, but this difference was more pronounced in mature or old trees. It is necessary to bear in mind that this pan-European study was based on aboveground data only. Trees growing on poorer sites or in difficult climatic conditions are known to change investment into their root systems at the expense of aboveground biomass, comparing whole tree data might diminish this difference to some extent (Vanninen and Makela 2005) .
Biomass allocation
We observed strong DAB-related changes in the proportion of tree biomass allocated to different compartments. As an overall trend in trees in the first age class, the proportion of stem and branch biomass increases, while that of foliage and roots decreases as the trees get larger. Such pattern is in agreement with previous chronosequence studies, where an increase of stem wood biomass at the expense of foliage and root biomass was observed (Helmisaari et al. 2002; Vanninen et al. 1996) . Even though stem biomass accounts for the largest part of total tree biomass, especially in mature trees, the contribution of other compartments cannot be discounted as it commonly reaches 20-30% (Helmisaari et al. 2002) . Focusing on the results of our study, not only some similarities but also clear differences exist between the tree species ( Fig. 3a-d) . The curves of compartment contribution to total tree biomass versus DAB were similar for stem, branches and foliage in all species. Beech and oak showed similar trend for roots, but they both differed from pine. Comparison of root allocation trends of Scots pine to that of Norway spruce (Pajtík et al. 2008) shows that the generalisation of root allocation trends between broadleaves and conifers is not possible. The root allocation trend of young spruce trees shows very close resemblance to that of beech.
A clear distinction can be drawn between the broadleaves and the conifers in the case of relative contribution of roots and foliage to total tree biomass once the curves settle at the higher end of studied DAB distribution. Broadleaved trees had higher proportion of roots and at the same time they showed smaller proportion of foliage, the latter distinction probably related to the fact that broadleaves have significantly larger leaf area per unit leaf biomass (Bartelink 1998) . While the proportion of branches was the largest in spruces and the smallest in oaks, beeches and pines showed very similar values. Our results contradict those of Yuste et al. (2005) , who compared biomass allocation in neighbouring adult oak and pine stands. They showed a significantly larger contribution of branches and a smaller contribution of stems in oaks than in pines, while the proportion of foliage was very similar in both species. The discrepancy between these two studies highlights the importance of other factors influencing not only biomass allocation, the most influential probably being contrasting stand age, but also forest management and site history. Age-dependent contributions of stem, branch, foliage and roots to whole tree biomass in beech over an age gradient of 10-60 years were documented by Bartelink (1998) . Similarly, Barna and Kodrik (2002) reported a contribution of 76, 13, 1 and 10% in stem, branches, leaves and roots biomass in a 100-year-old beech stand, respectively, values in stark contrast with our observations of young beech. This is especially the case for leaf biomass, where the contribution to total biomass drops from 15% in 10-year-old trees to 1% in 100-year-old beech trees. On the other hand, our oaks with DAB of about 70 mm had surprisingly similar biomass allocation structure to that of 70-year-old trees examined by Yuste et al. (2005) .
Our results show surprisingly low proportion of root biomass in pine (up to circa 13%). Available data from adult pines indicate higher contribution of belowground compartments to the whole tree biomass, e.g. 18% shown by Yuste et al. (2005) , about 20% by Ovington (1957) and Konôpka et al. (2000) and 24% in 2-year-old stand falling to 14% in 30-year-old stand (Peichl and Arain 2007) . However, King et al. (2007) showed that in red pine (Pinus resinosa Ait.) the root/shoot ratio was the lowest in the 2-, 3-and 5-year-old stands, then rapidly increasing and reaching a maximum at the age of 8-10 years. Later, the ratio gradually decreased with increasing age, but remained slightly higher than the values of the very initial stage. These results confirm the importance of establishing agespecific coefficients of root allocation in order to avoid considerable errors in calculations of root biomass, root C content and root C stock change.
Conclusions
We show that usage of species-specific BCEF is recommended when good accuracy of biomass estimates is desirable. While mature tree BCEF are largely stabilised, young tree BCEF change rapidly in initial stages of growth. Despite the fact that BCEF are based on stem volume, which is an allometrically derived parameter, we contend that presented BCEF offer reasonable accuracy for young forest biomass estimates in Central Europe across a wide range of environmental conditions. We show that calculating total stand biomass on the basis of an average tree leads to a species-specific under-or overestimate of stand biomass by up to 10%, an effect which merits further study. There are clear differences in biomass allocation patterns between the assessed tree species, highlighting the importance of coupling species-specific information to C turnover and residence times in forest tree compartments when estimating C stocks and stock changes in forests.
